Abstract-Modeling the hysteresis behavior of soft magnetic materials based on Preisach theory, requires a Preisach distribution function characterising the material. Although it is possible to obtain all the data for a classical Preisach model from experimental first-order curves, obtaining the Preisach distribution function by differentiating this data twice leads to large errors and even to negative values in the distribution function. This work reports on how to avoid these errors in the Preisach function when it is computed starting from measured data. Measured -loops are arranged into an Everett function, which is then corrected in order to serve as a basis for the Preisach distribution function. The computation method is tried out on a nonoriented, a grain oriented and an iron-powder material.
I. INTRODUCTION

I
N the Preisach theory used for modeling the hysteresis behavior of magnetic materials, a Preisach distribution function characterising the material is needed. An analytical expression of this distribution function (hereafter referred to as PDF) with a limited amount of parameters, e.g. a Lorentzian, can be proposed [1] . The parameters in this analytical expression are then fitted by minimizing the discrepancies between calculated and measured hysteresis loops.
Another possibility is to obtain the PDF directly from a set of measured hysteresis loops. Following the Everett theory [2] , the measured data is arranged in a two dimensional function, the so-called Everett map. The PDF can then be calculated by differentiating twice this Everett function.
(1)
The last step in constructing the PDF, i.e. the calculation of the second derivative following Eq. (1), results in physical meaningless negative values in the Preisach plane [3] . For the classical Preisach model, an approach exists in which differentiation of the experimental data can be avoided [4] , however, for e.g. the dynamic Preisach model [5] , the calculation of Eq. (1) is necessary. The authors are with the Dept. of Electrical Power Engineering, Ghent University, Sint-Pietersnieuwstraat 41, B9000 Ghent, Belgium (e-mail: mdewulf@elmape.rug.ac.be).
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II. NUMERICAL NOISE IN THE EVERETT FUNCTION
In order to construct the Preisach function based on measured magnetization reversals, a set of -loops has to be measured. The peak magnetic field value of each consequent loop has to be increased with an amount , the maximum grid density in the Preisach plane.
The experimental data should describe the hysteresis behavior of the material, therefore measurements should be done under slow time-varying excitation conditions in order to reduce the dynamic effects to a strict minimum. The use of e.g. 1 Hz straight forward triangular current feed to obtain experimental data should be avoided. However, starting from this data, -loops can be calculated as if they were measured at 0.1 Hz under constant [6] . The magnetization reversals, more specific the descending branches, are arranged into an Everett plot (Fig. 1) .
The value in the Everett function is the change of magnetization when the magnetic field varies from to and in which is an extreme value [5] . The remaining of the Everett map can be filled based on symmetry considerations. The Preisach distribution, calculated according to Eq. (1) should not contain negative values, and thus (2) Writing this condition pointwise in the Everett plane leads to (3) This means indeed that the slope in every point of a descending branch should not exceed the slope of the next descending branch (higher ) in the same point .
If one considers a set of magnetization reversals-going from the linear region (low magnetic field in comparision to the coercive field) to the saturation region-one notices that a considerable amount of descending branches is crossing the -axis near the saturation coercive field with almost identical slope, hence, the raw measured data, even though the measurement device exhibits low noise on the generated loops, will not satisfy the requirement depicted by Eq. (3). A corrrection of the measured magnetization reversals should be done in order to eliminate this numerical noise, e.g. by solving a least-squares problem with inequality constraints posed by Eq. (3). This correction does not really change the loop shape, but only introduces small local variations.
III. OPTIMIZATION PROBLEM
The measured values of the Everett function in the discrete grid points shown in Fig. 3 , are modified such that the derived PDF is nonnegative. Let (4) where and are the measured and the modified values, respectively.
The corrections are determined by solving the following constrained optimization problem. We have chosen the sum of squares of the corrections as the object function: minimize
The corrections are subject to the following constraints in order to guarantee a nonnegative PDF (Fig. 3): (6) Fig. 3 . Grid of the Everett plane.
As the Everett function is identically zero at and as is a symmetry axis, the constraints for grid points near these axes reduce to:
The least-squares problem with inequality constraints Eq. (5)- (8) has been solved by using two optimization software packages designed for the solution of (sparse) large-scale problems. Indeed, the number of variables may be quite large. For instance, for an Everett map derived from 200 descending branches, the number of variables is 40 200. Firstly, the Mosek software (http://www.mosek.com) for solving optimization problems with linear and quadratic object functions and constraints has been found to be very efficient for solving this kind of problems. As an alternative, Lancelot (http://www.cse.clrc.ac.uk/Activity/Lancelot), a (freeware) package for solving large-scale nonlinear optimization problems, has been used. For the quadratic problem with linear constraints considered here, the latter is very time consuming in comparison to Mosek.
IV. RESULTS AND CONCLUSION
The proposed correction method was tried out for the computation of the Preisach function of a nonoriented, a grain oriented and an iron powder material. In Table I , details of the used materials are given: the grid and the maximum field strength in the Everett (and thus the Preisach) function, @ is the attained induction at the maximum field strength , and P50@1.5 (the power loss of the material when subjected to a 50 Hz sinusoidal induction with 1.5 T peak value) is given in order to have an idea of the material quality. Table II shows the results of the corrected magnetization reversals. The characteristics of the resulting calculated descending branches are compared with the original measured loops. The average deviation in terms of percentage (the average is taken over all descending branches in the Everett plot) of the peak to peak induction , the remanent induction , the coercive field , and the power loss related to the loop surface is given. The figures show that the quadratic deviation of the corrected loops indeed is kept small, and that loop characteristics are not really being changed. The Preisach distribution of the nonoriented material is shown in the following graphs. The maximum field strength in these plots is kept small (60 A/m) in order to enhance visibility. Fig. 4 is the Preisach function calculated based on the raw measured Everett function. It is seen clearly that this function contains negative values and cannot be used as is in magnetic field calculations. The removal of negative values in the Preisach plot in this stage is not recommendable because this would alter the saturation magnetization of the calculated loops. The Preisach function based on the corrected Everett data is shown in Fig. 5 . When differentiating the corrected magnetization reversals, no negative values are encountered in the Preisach function.
In conclusion, the proposed corrrection method does not really change the measured loop shape but only applies minor adjustments in order that the Preisach function, i.e., the calculation of the second derivative of the Everett plot, does not contain negative values.
